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A hundred years after discovery of superconductivity, one fundamental prediction 
of the theory, the coherent quantum phase slip (CQPS), has not been observed. 
CQPS is a phenomenon exactly dual1 to the Josephson effect: whilst the latter is a 
coherent transfer of charges between superconducting contacts2,3, the former is a 
coherent transfer of vortices or fluxes across a superconducting wire. In contrast to 
previously reported observations4,5,6,7,8 of incoherent phase slip, the CQPS has been 
only a subject of theoretical study9,10,11,12. Its experimental demonstration is made 
difficult by quasiparticle dissipation due to gapless excitations in nanowires or in 
vortex cores. This difficulty might be overcome by using certain strongly 
disordered superconductors in the vicinity of the superconductor-insulator 
transition (SIT). Here we report the first direct observation of the CQPS in a 
strongly disordered indium-oxide (InOx) superconducting wire inserted in a loop, 
which is manifested by the superposition of the quantum states with different 
number of fluxes13. Similarly to the Josephson effect, our observation is expected to 
lead to novel applications in superconducting electronics and quantum 
metrology1,10,11.  
Phase slips across superconducting wires14 lead to non-zero resistance2,15; they 
also may lead to qubit dephasing due to charge noise16 in the chain of Josephson 
junctions17. Resistance measurements are dissipative, so its saturation at low 
temperatures cannot be interpreted as the evidence for coherent QPS, however a 
blockade of supercurrent might indicate CQPS as demonstrated in ref. 8. Mooij and 
Harmans have suggested13 a system decoupled from the environment: a 
superconducting loop in which phase slips change the number of quantized fluxes18 
resulting in their quantum superposition, therefore, exhibiting CQPS9. This letter reports 
a successful implementation of this idea using superconducting loops made of highly 
disordered InOx.  
We begin with considering a superconducting loop of an effective area S with a 
high kinetic inductance Lk containing a narrow segment (nanowire) with the finite rate 
of QPS. The external magnetic field Bext perpendicular to the loop induces the flux 
. The states of the loop are described by the phase winding number, N, their SBextext 
energies are  (Fig. 1a). The energy difference between 
adjacent states N+1 and N is 
  kextN LNE 2/20
 pN IE 2NE 1 , where   02/1  Next  
and  is the loop persistent current. At kL2pI /0 0 , the two states are 
degenerate. The QPS process, characterized by the amplitude ES, couples the flux states 
resulting in the Hamiltonian  
 1 1 1
2 S N
H E N N N N E N N      ,  (1) 
which is dual to the Hamiltonian of a superconducting island connected to a reservoir 
through a Josephson junction. In the latter, Lk is replaced by capacitance, ES by the 
Josephson energy and N is the number of the Cooper-pairs on the island13. The energy 
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    pS IE 2/arctan .  
To detect the CQPS, the loop is coupled to the coplanar line (resonator) via mutual 
inductance M19. In a rotating wave approximation, the effective Hamiltonian of the 
system resonantly driven by a classical microwave field with current amplitude 
, is  /cos EtIMW    eggeHRW  2 , where EEIMI SMWp  . Note that 
transition between the two states can be induced only when 0SE , so observation of 
the spectroscopy peak constitutes a direct evidence of CQPS.  
Now we provide a theoretical background for material choice. A CQPS is a result 
of quantum fluctuations of the order parameter. Generally, the impact of fluctuations is 
characterized by the Ginzburg parameter, Gi, which is essentially the inverse number of 
Cooper pairs in a volume 3:   13  iG
1~lkF
, where ν is the electron density of states, Δ 
is the superconducting gap and  is the coherence length. Even in disordered bulk 
superconductors characterized by , Gi is small:   1~ 1 Fi kG
iG
 (kF is the 
Fermi wavevector and l is the mean free path). Strong fluctuations require materials 
with an even higher degree of disorder, in which electrons are localized. The 
superconductivity is suppressed if the localization length, loc, becomes shorter than . 
Following this reasoning we expect that the fluctuations are maximal ( ), when 1~
 ~loc , that is close to SIT. Although Bardeen-Cooper-Schrieffer (BCS) theory2 fails 
to describe SIT, it provides qualitatively correct explanation for behaviour of materials 
with  ~loc . The fluctuations are enhanced in narrow wires with a small number of 
the effective conductive channels, RK /RNch   (R is the resistance of the wire of 
length  and ). The phase-slip amplitude decreases with Nch as 
20,21 (here a is the numerical parameter of order of 1, our data are 
consistent with a  0.3 for R = 1 k and  = 10 nm. (Supplementary Information)). 
Thus, ES is expected to be sizeable in superconducting strongly disordered quasi-1D 
wires. However, a high degree of disorder may also enhance Coulomb repulsion 
between electrons and turn the superconductor into a dissipative normal metal22. The 
ideal materials for observation of CQPS should therefore form localized preformed 
pairs even before they become superconducting23,24,25. Such behaviour has been 
observed in amorphous InOx and TiN thin films26,27. 
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Our loops (Fig. 1b) are fabricated from a 35 nm thick superconducting InOx film 
with 3010   nm28, using electron-beam lithography. The uncertainty in definition 
of  is due to poor applicability of BCS theory (Supplementary Information). The loops 
consist of wide parts and narrow segments of about 40 nm wide and 400 nm long (Fig. 
1c). The wire is reasonably homogeneous, having variations of width less than 10 nm. 
Identical wires and films, fabricated by the same process, have been characterized by dc 
transport measurements. The film exhibits superconducting transition at  K. 
The sheet resistance RSQ of the wide films, measured slightly above Tc is 1.7 k, which 
gives rough (BCS) estimate of the sheet inductance 
7.2cT
7.0/  SQSQ RL   nH13 
(  meV26) for the wide sections of the loops. 5.0
In order to measure the loops, we incorporate them in a step-impedance coplanar 
resonator – a strip InOx line of length 5.1L  mm and width 3W  m, galvanically 
connected to two  gold coplanar lines at the ends (Fig. 1d). We estimate the 
effective wave impedance of the line to be 
 500Z
/ 111  clZ 6.1
1
 k (where the specific 
inductance  H/m and specific capacitance c  
F/m). Because , the strong mismatch results in standing wave formation with 
maximal current at the boundaries: 
4
1 10
 Ll
Z
3.2/ WSQ
01 Z
101085.0 
   Lmx /cosIxI m  , where x is the coordinate 
along the resonator ( ). The resonance frequency of the m-th mode fm 
( ) is given by 
L
2/
x0
...   2/111  clv4.2 mv mLfm  GHz, where 3,2,1m  7.2106 m/s 
is the group velocity in the resonator. The energy decay rate in such a resonator is 
 Z4 0  Lv /1 Z/ , which limits the power peak width to 1.02/   GHz.  
Now, we present our main results. Figure 2a shows the power transmission 
coefficient 2t  through the resonator at a temperature of 40 mK. The peaks correspond 
to  with resonance frequencies f3 = 6.65 GHz, f4 = 9.08 GHz and f5 = 11.00 
GHz (close to our estimates above). The actual peak widths (FWHM) are approximately 
250 MHz (
5,4,3m
 2/ ), which is twice as large as that expected from the loading loss. This 
is probably due to an extra loss in the gold ground plane films. Our loops located in the 
middle of the resonator ( ) are coupled only to the odd modes m, for which the 
current defined by 
2/Lx 
cosIm  2/mIMW   is non-zero.  
To detect the superposition of flux states we measure transmission t through the 
resonator at fm versus Bext. The transmission does not depend on Bext at the 3rd and 5th 
peaks. However, at the 4th mode peak, t exhibits well pronounced periodic structure: 
sharp negative dips in the amplitude t  together with phase  targ  rotation, as shown 
in Fig. 2b. The period  mT corresponds with a high accuracy to one flux 
quantum 0 through the area  m2 of the loop shown in Fig. 1b with a 40 nm 
wide wire. Note that there is a small (~ 5%) uncertainty in the loop area definition due 
to the finite width of the lines. Each resonator contains five loops with the nanowire 
widths 40, 60, 80, 100 and 120 nm. Additionally to the wire widths, the loops slightly 
differ by their areas (by 10 – 12% from one to another). No CQPS-related signals are 
found from the samples with the nanowire segments wider than 40 nm, indicating that 
in these loops  GHz in a good agreement with our estimates (Supplementary 
Information) predicting suppression of ES by more than 10 times with increase of the 
nanowire width by 20 nm.   
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Although the coupling of our loop to the resonator (g/h ~ 10 MHz) is weak 
( g ), we were able to perform spectroscopy measurements by monitoring 
resonator transmission29,30, while the frequency fprobe of an additional probe microwave 
tone and Bext are scanned. The transmission phase plot shows the resonance excitation of 
the two-level system (Fig. 2c). The obtained structure is distorted by periodic 
resonances at fm (seen as red horizontal features) and the resulting picture is plotted after 
filtering out the resonances. The green-blue line corresponds to the expected energy 
splitting, which is well fitted by   222 Sp EIE    (the dashed line) with the 
fitting parameters  GHz and 9.4/ hES 24pI  nA , corresponding to  nH.  42kL
The exact splitting at the degeneracy point 0  happens to nearly coincide 
with  GHz, therefore distorting the line shape. In Fig. 2d, we show the 
resonant peak at 
8.42 f
052.0 ext
6.5/  hE
, slightly away of the degeneracy point, where the 
resonant frequency  GHz is between f1 and f2. The spectroscopy peak is 
well fitted by a Gaussian 
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demonstrates coherent coupling between the flux states in the loop. An interesting 
question, which requires further study, is the mechanism of decoherence in this type of 
systems. At this stage, we can only conjecture that the shape suggests peak broadening 
due to a low frequency Gaussian noise, rather than relaxation.  
Below we discuss the relation between the measured and expected properties of 
the system. The total loop resistance (at ), R, is the sum of the resistances of the 
wide section estimated from RSQ and the nanowire resistance 
cTT 
30WR
55
 k, deduced 
from the dc measurements of identical samples. We estimate R  k. As one might 
expect the effective sheet resistance of the narrow wires is higher than RSQ (in our case 
by a factor of 1.8). BCS estimate of the inductance of the whole loop gives  
nH. Close to the SIT, R continuously rises with decreasing T before developing 
superconductivity whereas Lk diverges at SIT. Arguing by continuity, BCS theory is 
expected to underestimate Lk in the strongly disordered superconductors 
(Supplementary Information). For our films, we find that Lk is underestimated by the 
factor of 1.8 which is very reasonable for the superconductors close to SIT.  
23kL
Another criterion of the wire quality is the value of its critical current. For a BCS 
superconductor the maximal supercurrent13 is eRIc /75.0   (Supplementary 
information). Taking into account that in the vicinity of SIT, Ic is overestimated by at 
least the same factor of 1.8, (similar to Lk), we find 90280cI  nA, for 3010   
nm. The measured value is  nA is in a full agreement with these expectations.  100cI
The quantitative estimate of the QPS amplitude is less accurate than for kinetic 
inductance or critical current due to its exponential dependence on the sample and 
material parameters. Furthermore in the BCS approximation, QPS amplitude explicitly 
depends on  which is not well defined close to SIT. Rough estimates based on ref. 15 
give values of ~5–20 GHz for  = 10 nm, our calculations, based on the measured value 
of the sheet kinetic inductance, yield ES ~10 GHz in agreement with the data 
(Supplementary information).  
Below we present additional evidence for CQPS. First, although we have 
presented the data from a single sample, we observed very similar results in two other 
samples fabricated from the same InOx film. One of those samples was measured in the 
step-impedance resonator described above, and the other – in the open line 
configuration19. In all three samples, we found resonances with close values of 
persistent current and level splitting ES/h equal to 4.9 GHz, 5.8 GHz and 9.5 GHz, 
correspondingly. Note that the variation of ES is surprisingly low (given its exponential 
dependence on parameters), and is in agreement with expectations (Supplementary 
Information). This reproducibility is a strong argument against an alternative 
interpretation of the results based on unintentional formation of a rogue Josephson 
junction somewhere in the wire. Second, the energy difference between the two lowest 
states in the loop, similarly to the charge qubit (dual to our system with CQPS), 
asymptotically approach linear dependence  pI2E  at SEE  . In our 
experiments, we are able to trace the two-level system resonance up to 05.0   and 
 GHz (Fig. 3). This linear dependence, without any observable splitting at 
 and 0 (corresponding to the second order 4-process) indicates a linear 
77E
0
inductance in our system, rather than non-linear one originating in a rogue Josephson 
junction. To support the statement, we present simulations of the spectroscopy lines 
(dotted cyan lines in Fig. 3) for an RF-SQUID qubit with a single Josephson junction 
(with  nA), capacitance and linear inductance, adjusted to provide the best fit 
of our spectroscopy data. The simulations show a significant rounding at  and 0 
due to the non-linear Josephson inductance in a qualitative disagreement with our 
results. These arguments allow us to exclude the rogue Josephson junction formed in 
our device, they cannot give us, however, a number of interfering phase slip locations in 
the wire, if, for example, the wire is not uniform.  
100cI
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Summarizing, we have demonstrated the coherent phase slip effect in a loop 
containing a nanowire fabricated from the highly disordered InOx superconducting film. 
Like the Josephson effect, the discovery opens prospects for many applications.  
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Figure captions  
Figure 1  The device. a, Energies of the loop versus external flux ext. The 
degeneracy between states with N and N+1 of 0 is lifted due to the phase-slip 
energy ES, when ext = (N + 1/2) 0. b InOx loop with the narrow wire on the right 
side is attached to the resonator (straight line) at the bottom. c, False colour 
SEM image of the narrow InOx segment. d, The step-impedance resonator 
consisting of the 3 m wide InOx strip with wave impedance Z1  1600  
galvanically coupled to the gold Z0 = 50  coplanar line. The boundaries of the 
resonator are defined by the strong impedance mismatch (Z1 >> Z0) 
 
Figure 2  Experimental data. a, Power transmission through the resonator 
measured within the bandwidth of our experimental setup. Transmission power 
coefficient t2 peaks correspond to the resonator modes with numbers m 
indicated for each peak. b, Transmission through the resonator as function of 
external magnetic field Bext at m = 4 (f4 = 9.08 GHz). The periodic structure in 
amplitude t and phase arg(t) corresponds to the points where the lowest level 
energy gap E/h matches f4. The period B = 0.061 mT (= 0/S) indicates that 
the response comes from the loop, shown in Fig. 1b, with the effective loop area 
S = 32 m2. c, The two-level spectroscopy line obtained in two-tone 
measurements. The phase of transmission t through the resonator at f4 is 
monitored, while the other tone with frequency fprobe from an additional 
microwave generator is swept in a range from 2 to 15 GHz at different Bext. The 
picture is filtered out to eliminate the contribution of other resonances (2 m 6), 
visible as horizontal red features. The dashed line is the fit to the energy splitting 
with E/h = 4.9 GHz, Ip = 24 nA. d, The resonant dip is measured at /0 = 0.52. 
The red curve is the Gaussian fit.  
 
Figure 3  Spectroscopy of the system in a wide flux and frequency ranges. The 
spectroscopy response is obtained by measuring variation of the transmission 
amplitude or phase through the resonator at f4 = 9.08 GHz, while the frequency 
of the additional microwave tone fprobe is swept. Depending on the range, the 
two-level system excitation frequency E/h is derived from the direct 
(single-photon) excitation E/h = fprobe (blue dots), two-photon process E/h = 
fprobe + f4 (green dots), three-photon process E/h = 2 fprobe + f4 (red dots). With 
these methods, using fprobe  35 GHz, we could trace E/h up to about 77 GHz. 
The dashed black line is the calculated energy splitting with ES = 4.9 GHz and Ip 
= 24 nA. Perfect agreement of the experimental data with the calculated energy 
bands supports our interpretation: the quantum states of the system correspond 
to the superposition of the two adjacent flux states induced by CQPS. The rare 
scattered points result from the noise, resonator resonances and higher order 
excitation processes. For comparison the additional dotted cyan lines show the 
expected behaviour of a RF-SQUID qubit with EJ/h = 50 GHz (Ic = 100 nA), C = 
1.1 fF and L = 38 nHn, which qualitatively disagrees with our data at the 
degeneracy points ext = 0 and ext = 0.  
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Supplementary Information 
Film uniformity. We begin by summarizing the results of previous studies that prove the 
amorphous nature of our films and the absence of a granular structure. We first note that our 
InOx films are identical to the ones studied extensively in a number of reports (see, e. g. refs. 26 
31, 32, 33, 34 and ref. 35 for review) that focus on SIT: they were obtained in exactly the same 
conditions and in the same fabrication facility as most of the films from the papers of refs. 26, 32. 
All these films are prepared by electron-beam evaporation of high-purity In2O3 onto SiO2 
substrate. STM measurements at room temperatures and large voltages show that film roughness 
is less than 1 nm, for the typical two-dimensional map of the film surface, see e. g. the 
supplement to ref. 26. TEM of these films does not detect any crystal inclusions31,32. At low 
temperatures, STM shows very homogeneous density of states of electrons above the 
superconducting transition temperature and a very good superconducting gap everywhere on the 
surface of the film with no electron states below the gap at all points on the surface26. This 
excludes the granularity of the films and formation of insulating barriers that might lead to a 
Josephson network in the superconducting state. This also excludes the inhomogeneous state in 
which small droplets of superconductor are imbedded in a normal matrix. Furthermore, the 
coherence peaks appear simultaneously in all locations on the surface which implies that a 
superconducting condensate appears simultaneously in the whole sample. This is another proof 
of the absence of weakly connected grains of a good superconductor. Further discussion of the 
evidence against the granularity of these films can be found in review of ref. 35.   
Theoretical expectations for the phase-slip amplitude. We now discuss the theoretical 
estimates of the phase-slip amplitude in different models. Moderately disordered films 
characterized by kFl > 1 are described by BCS theory. In this case, a number of previous studies 
showed that the phase-slip rate is given by equation15  




  R
R
AL
R
R QQ
QPS exp ,  (S1)   
where  is the superconducting gap energy, R is the resistance of the wire of length , L is the 
wire length, RQ = h/4e2 is the quantum resistance, and a is the numerical coefficient. (Note that 
the factor A in Eq. (S1) is translated into a used in the main text by a  A/4, because Nch = RK/R 
and RQ = RK/4.) In strongly disordered superconductors, this equation cannot be derived and has 
unclear meaning. In particular, the concept of the normal-state resistance that is well-defined 
(both theoretically and experimentally) in moderately disordered metals becomes ill-defined in 
the strongly disordered materials, where it is temperature dependent: In the absence of 
superconductivity the resistivity of these materials is expected to become infinite at zero 
temperature. Furthermore, strong fluctuations of electron properties associated with the disorder 
implies that the correlation length  in these materials is also poorly defined and that it no longer 
satisfies the BCS relation , where vF is the Fermi velocity. It is not surprising that 
different estimates of  in these films give somewhat different values in the range 10 – 30 nm28. 
Using Eq. (S1) with R = 1 k,  = 10 nm and QPS  25 GHz, we get the value of A  1.3, and 
therefore a  0.3, that matches the experimentally observed level splitting. The model15,20,21 , 
derived for moderately disordered superconductors, does not give a precise value of the 
numerical parameter a, except that it should be of the order of one.  
  /2 Flv
The deviations from the predictions of the conventional BCS theory can be quantified by the 
comparison between resistance of the wire above the transition temperature Tc and the kinetic 
inductance of the same wire at low temperatures. In the framework of the BCS theory they are 
related by Lw = Rw/. This equation can be viewed as a consequence of the optical sum rule 
and a gap structure in BCS theory, therefore it remains valid even when the BCS relation 2 = 
3.52 kBTc is violated by the strong coupling effects. In contrast, in a very disordered 
superconductor, the superfluid stiffness vanishes implying infinite Lw while the resistance is 
measured at T > Tc and the gap remains finite. Thus, one expects that as the superconductor gets 
very disordered the resistance taken for estimates and kinetic inductance should become larger 
than predicted by the BCS equation. For instance for our loop, the ratio of the measured 
inductance to the one expected in BCS theory is about 1.8, which confirms that these films are 
strongly disordered non-BCS superconductors but are still far from SIT where this ratio is 
expected to diverge.  
In the regime of very strongly disordered superconductors, the properties are well described 
in the framework of the theoretical model of refs. 23, 24, 25. In this limit, the electrons form the 
localized pairs even in the absence of global superconducting coherence. The global coherence 
and superconductivity takes place only due to Cooper pair hopping from one localized state to 
another. In this model the phase-slip amplitude is expected to be36  
 expS LE W dW     , (S2) 
where  is the phase stiffness per unit square,  h ≈ 4103 GHz-1m-3 is the electron density of 
states in the units convenient for this computations, d is the film thickness, W is width and 
dimensionless parameter  ≈ 1.0. In two dimensional films, the phase stiffness defines the 2D 
current density phase gradient: xeI  /2   which has the dimension of energy and is directly 
related to the inductance per square:   SQLe 22/ . The directly measured value of the 
inductance per square LSQ ≈ 2.2 nH translates into /h ≈ 70 GHz:  Although Eq. (S2) has very 
similar nature to Eq. (S1), Eq. (S2) has a number of advantages: it contains only experimentally 
measurable quantities, namely, superfluid stiffness and density of states and it can be directly 
verified by numerical simulations36 in the strongly disordered regime. Using Eq. (S2), we 
estimate the phase amplitude to be ES ≈ 5 GHz for the wires of width W ≈ 40 nm, remarkably 
close to the observation given the uncertainty in the value of the density of states and the 
approximations involved in the theoretical analysis. Furthermore, the numerical simulations36 
show that the phase slip amplitude varies by a factor of 2–3 from one disorder realization to 
another, also in agreement with the data. This agreement between the theory and the experiment 
confirms that the observed phase slip is a property of uniformly strongly disordered 
superconductors.  
Estimate of the critical current. The maximal supercurrent in BCS approximation can be 
estimated using the equation 
eRIc /75.0  , (S3) 
which is essentially the equation given in ref. 13. Substituting the wire resistance RW = 30 k, 
and taking into account the same suppression factor as for inductance evaluation ( 1.8), we 
obtain Ic = 280 – 90 nA for  = 10 – 30 nm.  
Alternatively, the maximal critical current can be estimated using only the measurable 
quantities: the superconducting gap and density of states. The critical current of a thin film is 
related to the penetration depth  and the critical field Hc of the bulk37  

c
c
cHI
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where c is the speed of light. Expressing  and Hc through  and RSQ, one gets the critical 
current of the wire in BCS theory  
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  , (S5) 
where d is the wire thickness, w is its width. Substituting RSQ = 3 k from the wire resistance,  
≈ 1.0 eV-1 nm-3 and  ≈ 0.5 meV, we get Ic ≈ 400 nA. Approaching SIT, Ic vanishes, whereas 
Eqs. (S5) based on BCS assumptions gives a finite value. Similarly to superfluid stiffness, the 
critical current is suppressed in the vicinity of SIT. In fact, because it is a product the superfluid 
stiffness and a maximal gradient of the phase that does not destroy the superconductor, it is 
suppressed more than the superfluid stiffness. Thus, one expects that in superconductors close to 
SIT, the critical current should be less than the one predicted by BCS equation at least by a 
factor of 1.8, obtained for the kinetic inductance correction, which results in Ic  200 nA.  
 
 
References  
31Ovadyahu, Some finite temperature aspects of the Anderson. transition Z. J. Phys. C: Solid State Phys. 19, 5187-
5213 (1986).  
32Shahar, D. & Ovadyahu, Z. Superconductivity near the mobility edge. Phys. Rev. B 46, 10917-10922 (1992).  
33Gantmakher, V. F., Golubkov, M. V., Dolgopolov, V. T., Tsydynzhapov, G. E. & Shahskin, A. A. Destruction of 
localized electron pairs above the magnetic-field-driven superconductor-insulator transition in amorphous In-O films. 
JETP Letters 68, 363-369 (1998). 
34Steiner M., Kapitulnik, A. Superconductivity in the insulating phase above the field-tuned superconductor-
insulator transition in disordered indium oxide films. Physica C 422, 16-26 (2005). 
35Gantmakher, V.F. & Dolgopolov, V.T., Localized–delocalized electron quantum phase transitions. UFN 178, 3–24 
(2008).  
36Feigelman, M. V., Ioffe, L. B. & Astafiev, O. V., Phase slip in strongly disordered superconducting wires, 
unpublished.  
37Schmidt, V.V., Müller,  P., Ustinov, A. V.  & Grigorieva, I. V. “The Physics of Superconductors: Introduction to 
Fundamentals and Applications”, Springer, (2010) 
 
